Summary. -Hemagglutinin-neuraminidase (HN) protein of Newcastle disease virus (NDV) plays a crucial role in induction of immune response against Newcastle disease infection. Mutation in residues 347 and 362 of HN linear antigenic site has been identifi ed to be responsible for antigenic variations. Hence we studied antigenic diff erence between sub-genotype VIIj isolates and vaccine strains by the use of polyclonal serum against LaSota strain in hemagglutination inhibition test. Furthermore, epitope patterns of the isolates under study were analyzed and compared to HN sequences in GenBank. Th e results demonstrated that new Newcastle disease isolates (Mazandaran and Behshahr) had hemagglutination inhibition (HI) titer three and fi ve, respectively while LaSota strain titer was eight. In addition, observation of sequences and epitope patterns revealed three unique amino acid substitutions (D144N, E347Q and G362K) in HN protein. E347Q and G362K mutations were located in neutralization antigenic site. Th us, we suggest that, these two novel amino acid substitutions in major linear epitope might be responsible for antigenic variation and decrease of HI activity.
Introduction
Newcastle disease virus (NDV) has been introduced as a causative agent of destructive avian disease. Newcastle disease (ND) eff ectively results in massive economic losses worldwide (Courtney et al., 2012; Maminiaina et al., 2010; Zhang et al., 2010) . Th is single stranded negative-sense RNA virus, belongs to the Avulavirus genus and the Paramyxoviridae family, comprising of six genes which encode for nucleoprotein (NP), phosphoprotein (P), matrix (M), fusion (F), hemagglutininneuraminidase (HN), and RNA-dependent RNA-polymerase (L) proteins (Munir et al., 2011; Tsunekuni et al., 2010) .
Lentogenic, mesogenic and velogenic pathotypes have been identifi ed for ND viurses based on conventional in vivo tests: mean death time (MDT), intracerebral pathogenicity index (ICPI) and intravenous pathogenicity index (IVPI) (Cho et al., 2007; Maminiaina et al., 2010; Wei et al., 2008; Zhang et al., 2011) . Th ree genome sizes have been characterized for ND viruses. Th e genome length of 15,198 nt is attributed to class I NDVs (non-pathogenic to chickens), while the viruses with 15,186 nt and 15,192 nt length involve both virulent and avirulent pathotypes (class II strains with 18 genotypes and various sub-genotypes) (Wang et al., 2015) .
Hemagglutinin-neuraminidase protein is a surface glycoprotein on the envelope of virus particles which causes viruscell fusion facilitation as well as virus attachment to sialic acid receptors, neuraminidase (sialidase) activity, cleavage of sialic acid, and as a result release of virions (Gu et al., 2011; Lam et al., 2011; Wei et al., 2008) . A cytoplasmic domain, a transmembrane region, a stalk region and a globular head form HN protein structure (Hu et al., 2010) . Neuraminidase activity of HN protein is mediated by receptor-binding site located on the globular head (Hu et al., 2010) . Moreover, all of the antigenic sites reside on the globular head domain of HN protein (Hu et al., 2010) .
Immunity against ND is induced by multiple factors in addition to HN protein (Cho, 2008a) . Several overlapping conformational antigenic sites and one major linear epitope (345 to 353) have been identified in HN protein using monoclonal antibodies (Cho et al., 2008a) . Previous studies have confi rmed that variation in residue 345 to 353 of HN protein could result in increase of antigenic diff erences (Cho et al., 2008b) .
In the present study, we focused on molecular characterization of HN coding sequence of two new virulent sub-genotype VIIj isolates (Mazandaran and Behshahr) (Esmaelizad et al., 2016) from Iran. Epitope prediction and analysis of genetic variations in hemagglutinin-neuraminidase protein of the mentioned isolates were performed and compared to various ND viruses.
Materials and Methods
Virus isolation and preparation. Virus samples under study (Mazandaran and Behshahr isolates originated from chicken) were isolated from a new outbreak in northern region of Iran in 2015. Th e viruses were inoculated into the allantoic cavity of 9-day-old specifi c pathogen-free (SPF) eggs and incubated at 37ºC.
Pathogenicity tests. Th e pathogenicity of the isolates under study was determined using in vivo tests. Intracerebral pathogenicity index (ICPI) test was performed in day-old SPF chicks by intracerebral injection (0.05 ml) of the allantoic fl uid (10-fold dilution). Post-inoculation observations were carried out in birds for eight days. Zero score was attributed to healthy birds, while one and two values were representative of sick and dead birds, respectively. Th e mean score per bird per observation over the eight-day period was considered as the ICPI value.
Mean death time (MDT) test was performed by inoculation of 9-day-old embryonated SPF eggs. Th e allantoic fl uid was serially diluted 10-fold, inoculated (0.1 ml of 10 -7 , 10 -8 , 10 -9 ) into the allantoic cavity using a minimum 10 eggs per dilution and incubated at 37ºC. Aft erwards, observation of embryo's death was done twice daily for seven days. Th e mean lethal dose (MLD) was recorded at the highest dilution of embryo's death. Th e average death time of the eggs inoculated with MLD was taken as MDT.
HA and HI assays. Hemagglutination assay in plates was carried out by mixing 25 μl of serially diluted virus, 25 μl of PBS, and 50 μl of chicken erythrocytes and incubated at room temperature for 30 min. Hemagglutination inhibition (HI) assay was performed with 25 μl of PBS, 25 μl of serially diluted polyclonal serum against LaSota strain, and 4 HA units of virus by shaking 20 min at room temperature. Th en 25 μl of chicken erythrocytes were added and the plates were shaken for another 30 min at room temperature.
Reverse transcription-PCR (RT-PCR) and sequencing.
Genomic RNA extraction from infected allantoic fl uid was done using High Pure Viral RNA kit (Roche Diagnostic, Germany), according to the manufacturer's instructions. To generate complementary DNA (cDNA) from viral RNA in a total volume of 20 μl reaction mixture, 4 μl of 5× reaction buff er, 2 μl dNTPs, 1 μl of RNase inhibitor, 2 μl of random primers, 1 μl M-MuLV enzyme, 5 μl of total RNA, and 5 μl DEPC water were mixed. Reverse transcription was carried out at 25˚C for 10 min, 42˚C for 60 min, and 70˚C for 10 min. Th e complete HN coding sequence was amplifi ed using specifi c primers: HF (5'-cgg ggt acc gtc gac aat tca caa cct ccg ttc tac c-3'), HR (5'-ata aga atg cgg ccg cgt cat ctt tga gga tct caa c-3') designed by OLIGO soft ware (Molecular Biology Insights Inc., USA). PCR was conducted in a total volume of 50 μl using 10× reaction buff er (5 μl), dNTPs (1 μl), MgCl 2 (1.5 mmol/l), Pfu DNA polymerase (1 unit), forward and reverse primers (10 pmol of each), cDNA (2 μl), and 38.3 μl ddH 2 O, and performed at 93˚C for 3 min, 35 cycles of 93˚C for 1 min, 52˚C for 30 s, 72˚C for 1 min and 30 s, and a fi nal extension at 72˚C for 5 min. Purifi cation of amplicons was carried out using High Pure PCR product purifi cation kit (Roche Diagnostic, Germany) following the manufacturer's instructions. Sanger method was used to sequence the purifi ed PCR products in both directions using forward and reverse primers (Macrogen Inc., South Korea).
Amino acid sequence analysis and three dimensional structure prediction. Hemagglutinin-neuraminidase protein sequences of Mazandaran and Behshahr isolates were aligned and compared with NDV sequences (available on GenBank 09/02/2016) using MegAlign soft ware (DNASTAR, USA). Th e structure of complete coding sequence of HN protein of new Iranian NDV isolates (subgenotype VIIj) was predicted by Swiss model (Biasini et al., 2014) . Deep View/ Swiss-Pdb Viewer (v3.7) soft ware (Guex et al., 2009) was used for 3D structure analysis.
Epitope prediction. Epitope prediction of Mazandaran and Behshahr isolates was carried out using Immune epitope database and analysis resource (http://www.iedb.org/). Th e linear B-cell epitopes were predicted by HN protein sequence and analyzed.
Recombination analysis. Recombination events in the complete coding sequence of HN gene of Mazandaran and Behshahr isolates were analyzed by RDP4 soft ware (Martin et al., 2015) . Four statistical algorithms (RDP (Marin and Rybicki, 2000) , GENECONV (Padidam et al., 1999) , Maxchi (Smith et al., 1992) and Chimaera (Posada and Crandall, 2001) ) were used to defi ne the occurrence of any recombination in the isolates under study.
Accession numbers. Th e hemagglutinin-neuraminidase gene sequences of Mazandaran and Behshahr isolates used in this study were submitted to GenBank. Th e coding sequences are found under Acc. Nos. KU938926 (Mazandaran) and KU938925 (Behshahr).
Results
Biological characterization of the isolates under study was determined by in vivo pathogenicity tests. Mazandaran and HI titers of the isolates under study in addition to LaSota, V4 and B1 strains were obtained using polyclonal serum against LaSota strain. According to the results HI titers of polyclonal antibody to Mazandaran and Behshahr isolates were three and fi ve, respectively which were lower than in vaccine strains (HI titer of LaSota strain was eight). Since both Iranian isolates carry E347Q mutation, the major HI titer diff erence indicated that other mutations or epitopes may be associated with the mentioned amino acid substitution in order to aff ect antibody/antigen reaction. HI titers of the studied viruses are shown in Table 1 .
Th e phylogenetic analysis of complete coding sequence of F gene related to the isolates under study revealed that Mazandaran and Behshahr isolates belong to the novel sub-genotype VIIj in class II NDVs (Esmaelizad, 2016) . In the present study, we analyzed HN amino acid sequence of 111 NDV isolates (available on GenBank 09/02/2016). Th e multiple alignments of viruses of class I and class II (genotypes I-XVIII) confi rmed the fi rst report of three amino acid substitutions (D144N, E347Q, G362K) in HN sequence of Mazandaran and Behshahr isolates. A BLAST search among all the NDV amino acid sequences (available on GenBank 09/02/2016) also verifi ed the novelty of our results. Table  2 indicates the amino acid changes of 111 ND viruses in residues 144, 347 and 362. Th e HN three dimensional (3D) structure of Behshahr isolate was predicted, and the variable residues (HN: 144, 347, 362) were located on the peptide. Structure analysis indicates that the specifi c amino acid changes are located on the globular head domain of HN protein (Fig. 1) .
Th e linear B-cell epitopes of HN based on amino acid sequence of Mazandaran and Behshahr viruses were predicted using http://www.iedb.org/. Several linear epitopes were introduced by B-cell epitope prediction tool (data not shown). Th e unique mutations (E347Q, G362K) were located on the major linear epitope of HN. Mutation in the mentioned epitope and specifi cally the residues 347 and 362 are responsible for antigenic variation.
Th e occurrence of recombination events was analyzed in HN sequence of the isolates under study. Th e results indicate that Mazandaran and Behshahr isolates are not recombinant viruses (data not shown).
Discussion
To diagnose ND, Newcastle disease virus presence must be proved by isolation from SPF eggs or by serological tests (Miller et al., 2010) . Hemaglutination inhibition test is broadly performed to detect antigens by repression of NDV HA activity using ND-positive serum (Alexander, 2003) . All NDVs analyzed in this study belong to serotype 1 what was confi rmed by polyclonal antibodies that did not indicate any antigenic variations, while the specifi c set of monoclonal antibodies has been regarded as appropriate for detection of variant epitopes (Hu et al., 2010) .
Hemagglutination-neuraminidase protein which is a key factor for induction of immunity against NDV carries several conformational antigenic sites and a major linear neutralization epitope (Cho et al., 2008a; Hu et al., 2010) . According to published studies, linear epitope of HN (residues 345 to 353) determines antigenic diff erence in ND viruses, more specifi cally mutation in 347E protects the virus from the neutralization (Cho et al., 2008b; Zhu et al., 2016) . Amino acid substitution in HN residue 347 (E347K) has been characterized in genotype VII viruses in Asia. Multiple NDV VIId sub-genotypes of Korea possess the mentioned mutation in HN protein, which results in virus protection from neutralization caused by specifi c MAb (Cho et al., 2008a,b) . Hemagglutinin-neuraminidase linear epitope of Chinese virulent NDV isolates (sub-genotype VIId) has been also observed, reporting E347K and E347G variations (Hu et al., 2010; Zhu et al., 2016) . Moreover, lower antigenic relationship between vaccine strain (347E/G) and Chinese isolates carrying E347K substitution proved by cross-neutralization tests has been reported (Zhu et al., 2016) . In the present study, the isolates Mazandaran and Behshahr which we have reported to be virulent sub-genotype VIIj in class II NDVs, share HI titers of three and fi ve respectively. HI test has been carried out using polyclonal serum against LaSota strain, and the results are in concordance with a study in 2010 which describes that polyclonal serum against JS-06/05 isolate (E347K) added to the isolates sharing the same substitution resulted in higher HI than with NDV/ZJ1 isolate (347E) (Hu et al., 2010) . Th erefore, data obtained from our HI assay suggest that antigenic relatedness of Iranian isolates with vaccine strain is also very low. Th e study of Hu (2010) also suggests that mutation in residue 347 aff ects the HI titers. However, our data indicate some discrepancy, since HI with polyclonal serum against LaSota strain to Mazandaran and Behshahr isolates is three and fi ve, respectively which is lower than to LaSota strain (eight). Furthermore, both Iranian isolates share E347Q mutation but their HI titers are diff erent, which might be explained by another residue substitution involved. As other published data suggest, there might be another continuous antigenic site since reactivity of sheep antiserum against residues of 355 to 375 of HN protein occurred (Cho et al., 2008b) . Involvement of residue 362 in antigenic diff erence is also suggested, as both amino acid positions 347 and 362 are located in receptor-binding pocket. Strains with mutations in both sites (E347K/G362A, E347K/G362R) have been recognized as co-variant viruses (Cho et al., 2008b; Zhu et al., 2016) . Our results also demonstrate the unique mutations E347Q and G362K in both Mazandaran and Behshahr isolates. Th e unique amino acid substitutions in our study (residues 347 and 362) explain the major diff erences in HI test results. Moreover, the mentioned co-variation in the isolates under study may aff ect the polyclonal serum reactivity to Mazandaran and Behshahr isolates, and also involvement in antigenic variations. Furthermore, we suggest that other epitopes could also be responsible for antibody/antigen reactions in HI test, as both Iranian isolates share the same co-variation with diff erent HI titers. A study by Zhu et al. (2016) has shown the unsuccessful vaccination of chickens infected with variant isolates (E347K) using LaSota strain. In their results, mortality and morbidity has stopped, but vaccine strain has not been able to inhibit virus shedding (Zhu et al., 2016) . Since genotype VII ND viruses are predominant in Asia, Middle East and South America with their broad genetic variations (Diel et al., 2012) , vaccination programs with vaccine strains may not be effi cient to protect poultry against ND outbreaks in the mentioned regions (Zhu et al., 2016) . In addition, new outbreaks in Iran since 2015 (sub-genotype VIIj) share novel amino acid mutations in HN linear epitope. Th us, we suggest further studies should be carried out on the subject of vaccination of chickens challenged with the isolates under study (new ND outbreak in Iran), as the unique mutations in neutralization epitope of HN (E347Q and G362K) results in antigenic variations and may aff ect vaccination.
In conclusion, we have studied the complete coding sequence of HN protein in new ND outbreak in north of Iran. Our data has confi rmed the fi rst report of three specifi c amino acid changes (residues 144, 347 and 362) in globular head domain of HN protein in the isolates under study. We also introduce two novel E347Q and G362K co-variations (located in linear epitope of HN protein) which cause antigenic diff erence among ND viruses. We have also indicated the low antigenic relationship of the isolates under study with vaccine strain due to HI titers. Th is may result in ineff ective vaccination of poultry when infected by Mazandaran and Behshahr isolates (sub-genotype VIIj). Th erefore, further investigations should be done in order to determine the role of the reported mutations in vaccination.
